Ocular dominance plasticity (ODP) in the cat primary visual cortex (V1) is induced during waking by monocular deprivation (MD) and consolidated during subsequent sleep. The mechanisms underlying this process are incompletely understood. Extracellular signal-regulated kinase (ERK) is activated in V1 during sleep after MD, but it is unknown whether ERK activation during sleep is necessary for ODP consolidation. We investigated the role of ERK in sleep-dependent ODP consolidation by inhibiting the ERK-activating enzyme MEK in V1 (via U0126) during post-MD sleep. ODP consolidation was then measured with extracellular microelectrode recordings. Western blot analysis was used to confirm the efficacy of U0126 and to examine proteins downstream of ERK. U0126 abolished ODP consolidation and reduced both phosphorylation of eukaryotic initiation factor 4E (eIF4E) and levels of the synaptic marker PSD-95. Furthermore, interfering with ERK-mediated translation by inhibiting MAP kinase-interacting kinase 1 (Mnk1) with CGP57380 mimicked the effects of U0126. These results demonstrate that ODP consolidation requires sleep-dependent activation of the ERK-Mnk1 pathway.
Introduction
Ocular dominance plasticity (ODP) is a canonical model of synaptic remodeling in vivo that has revealed many general principles underlying experience-dependent plasticity (reviewed in Berardi et al. 2003) . In kittens, occluding vision in one eye (monocular deprivation, MD) during a critical period of development causes cells in the primary visual cortex (V1) to shift from being predominantly binocular to being primarily driven by nondeprived eye stimulation, as measured by single neuron recordings (Wiesel and Hubel 1963; Hubel and Wiesel 1970) . ODP can be induced with as little as 6 h of MD during waking, and is consolidated during subsequent sleep (Frank et al. 2001) . Although the mechanisms underlying sleep-dependent consolidation are largely unidentified, they include NMDA receptor and protein kinase A (PKA) activation (Aton et al. 2009 ), as well as translation via the mammalian target of rapamycin (mTOR) pathway (Seibt et al. 2012) . The functional role of other kinases activated during post-MD sleep is unknown. For example, extracellular signal-regulated kinase (ERK) is phosphorylated downstream of NMDA receptor activation during post-MD sleep (Aton et al. 2009 ), but it is unclear whether ERK activity during sleep is required for ODP consolidation.
ERK has been implicated in many forms of neuronal plasticity, and is therefore an attractive candidate mechanism for regulating sleep-dependent plasticity. For example, ERK is necessary for visual cortical long-term potentiation (LTP) and long-term depression (LTD) in vitro (DiCristo et al. 2001; McCoy and McMahon 2007; McCoy et al. 2008) . Furthermore, ERK and mTOR co-regulate translation (via eukaryotic initiation factor 4E (eIF4E) and eIF4E binding protein 1 (4E-BP1) phosphorylation) in multiple forms of hippocampal plasticity (Kelleher et al. 2004; Banko et al. 2006; Gelinas et al. 2007; Tsokas et al. 2007) . ERK promotes eIF4E phosphorylation by activating an intermediate kinase, MAP kinase-interacting kinase 1 (Mnk1) (Waskiewicz et al. 1997; Ueda et al. 2004 ). Mnk1 phosphorylation is elevated during hippocampal LTP (Gelinas et al. 2007 ) and required for hippocampal LTP consolidation (Panja et al. 2009 ). However, the precise role of the ERK-Mnk1 pathway in sleep-dependent plasticity has not been previously explored. Continuous infusion of ERK inhibitors (during both sleep and wake) for 1 week blocks ODP in vivo (DiCristo et al. 2001) , but this approach does not reveal the specific role of ERK activity in sleep, and the molecular mechanisms downstream of ERK were not investigated. There are also no previous studies of Mnk1 in the induction or consolidation of ODP.
We hypothesized that activation of the ERK-Mnk1 transduction pathway during sleep is required for ODP consolidation. To test this hypothesis, we inhibited ERK (with U0126) or Mnk1 (with CGP57380) activity in the sleeping, remodeling visual cortex. We found that neither compound altered sleep architecture, but both profoundly reduced the enhancement of plasticity normally observed after sleep. In addition, ERK and Mnk1 inhibition during sleep both reduced eIF4E phosphorylation and PSD-95 levels. These results demonstrate that the ERK-Mnk1 pathway plays an important role in sleep-dependent synaptic plasticity in vivo, and suggest it may do so by regulating synthesis of plasticity-related proteins.
Materials and Methods
All animal experiments were approved by the University of Pennsylvania IACUC and were performed as required by USDA regulations. Cats were bred in-house and housed with their queens on a 12:12 light:dark cycle prior to experimentation.
Surgical Procedures for Polysomnography and Intracortical Infusion
Eight female and 15 male cats were anesthetized and prepared for surgery as described previously (Frank et al. 2001; Jha et al. 2005) . A craniotomy was performed bilaterally over V1 and the dura was partially reflected. Cannula guides with 2 attached EEG electrodes (Plastics One, Roanoke, VA, USA) were positioned over V1 (see Supplementary  Fig. S1 ). An internal "dummy" cannula (solid stainless steel) was inserted into the cannula guide and remained in place until the start of the infusion to protect the cortex from infection. Five bilateral frontoparietal EEG and 3 nuchal EMG electrodes attached to an electrical socket were also implanted. Cannula assemblies and electrodes were affixed to the skull with bone screws and dental acrylic. Following a minimum of 4 days postoperative recovery and treatments, male and female animals were randomly assigned to the experiments described below.
Monocular Deprivation and Infusion Procedures
At the peak of the critical period for visual cortical plasticity (Postnatal day 28-35), cats were singly housed in a recording chamber. As previously described (Jha et al. 2005) , EEG and EMG signals were routed from the animal to an amplifier system (Grass Technologies, Warwick, RI, USA) via an electrical cable tether/commutator attached to the implanted electrical sockets. The bipolar electrode pair attached to each cannula guide recorded EEG activity local to the infusion site. Polygraphic signals were high-pass filtered at 0.1 Hz (EEG) or 10 Hz (EMG), and low-pass filtered at 100 Hz. Signals were digitized at 200 Hz and recorded on a personal computer running commercial sleep-recording software (VitalRecorder, Kissei Comtec America, Inc., Irvine, CA, USA). After at least 6 h of baseline recording, animals were briefly anesthetized with isoflurane and the right eyelid was sutured shut. Animals were then kept awake for 6 h in lighted conditions, ensuring that all cats received 6 h of monocular vision to induce cortical remodeling (Frank et al. 2001) . At the end of this period, the dummy cannula was removed from the cannula guide and replaced with a sterile stainless steel cannula (28G internal diameter with the tip extending 1 mm below the pial surface) attached to sterile tubing (see Supplementary Fig. S1 ). Tubing and cannulas were prefilled with drug or vehicle solution. Animals were then allowed sleep ad libitum in complete darkness for 1-6 h, during which time U0126 (5.26 mM; Promega, Madison, WI, USA) (Schafe et al. 2000) , CGP57380 (2 mM; Tocris Bioscience, Ellisville, MO, USA) (Panja et al. 2009 ), or vehicle was infused bilaterally into V1 at a rate of 0.3 μL/min (Harvard Apparatus, Holliston, MA, USA). U0126 and CGP57380 were first dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA), then diluted to their final concentrations 1:1 in ACSF (Harvard Apparatus) prior to infusion. An additional group of cats (MD-only) received infusions of vehicle in one hemisphere and U0126 in the other during the MD period; the drug-infused hemisphere was alternated between animals. These animals did not receive post-MD sleep.
We chose U0126 because this compound potently inhibits the kinase that activates ERK (mitogen-activated protein kinase kinase, MEK) without nonspecific effects on other kinases (including the plasticity-related kinases PKC, CaMKII, and PKA) (Favata et al. 1998; Roberson et al. 1999) . Similarly, CGP57380 inhibits Mnk1 without nonspecific effects on other kinases, including ERK and PKC (Knauf et al. 2001) .
Tissue Collection and Western Blotting
Western blotting was used to determine the efficacy of kinase inhibitors on target proteins and to examine the downstream effects of kinase inhibition. Eight cats were used in these experiments (Vehicle: 3 cats; U0126: 3 cats; CGP57380: 2 cats). Immediately following 1 h of post-MD sleep with intracortical infusion, animals were anesthetized with isoflurane and sacrificed with an intracardiac injection of pentobarbital/phenytoin. V1 tissue near to (within 1 mm) and far from the cannula was rapidly collected and frozen on dry ice. Whole-tissue extracts were prepared and analyzed as previously described (Aton et al. 2009 ). Briefly, tissue was homogenized in lysis buffer containing 100 mM NaCl, 10 mM Na 4 P 2 O 7 ·10H 2 O, 10 mM NaPO 4 , 50 mM NaF, 1 mM Na 3 VO 4 , 5 mM EDTA, 5 mM EGTA, 1% SDS, and phosphatase and protease inhibitor cocktails (1:100; Sigma). Lysates were then centrifuged to remove cellular debris and boiled in gel loading buffer (2.5% SDS) for 10 min. Protein concentration was quantified using a micro-BCA assay (Thermo Scientific, Rockford, IL, USA). Proteins (40 μg/well) were separated on precast polyacrylamide gels (Bio-Rad, Hercules, CA, USA), and transferred onto nitrocellulose membranes (0.45 μM pore size; Invitrogen, Carlsbad, CA, USA). Membranes were blocked at room temperature in Odyssey blocking buffer (Li-Cor, Lincoln, NE, USA) then incubated overnight with primary antibodies diluted in blocking buffer and 0.1% Tween-20 (Sigma-Aldrich) at 4°C. Primary antibodies were raised in rabbit and obtained from Cell Signaling Technology (Danvers, MA, USA), unless otherwise noted. The following primary antibodies were used: anti-ERK1/2 (1:000), anti-phospho-ERK1/2 (Thr202/Tyr204 and Thr185/Tyr187, respectively) (1:500), anti-CaMKIIα (1:1500) (Abcam, Cambridge, MA, USA), anti-phosphoCaMKII (Thr286) (1:1000) (Abcam), anti-eIF4E (1:1000), anti-phosphoeIF4E (Ser209) (1:500) (Millipore, Billerica, MA), anti-CREB (1:500), anti-phospho-CREB (Ser133) (1:500) (Millipore), anti-eEF2 (1:1000), anti-phospho-eEF2 (Thr56) (1:500), and anti-PSD-95 (1:500) (Thermo Scientific). We attempted to measure phosphorylation of additional ERK substrates that regulate transcription and translation (Elk-1 and Mnk1, respectively), but these antibodies did not work in feline tissue. Mouse anti-β-actin (1:10 000) (Sigma-Aldrich) was included with each primary antibody as a loading control. Membranes were incubated with fluorescently conjugated goat anti-rabbit (800 nm) and anti-mouse (700 nm) antibodies simultaneously (Li-Cor) (1:20 000 in blocking buffer/0.1% Tween) for 1 h at room temperature in the dark. Each membrane was scanned at both 700 nm (β-actin loading control) and 800 nm (protein of interest) and quantified with the Odyssey infrared scanner and image quantification software (Li-Cor). Variation across gels was controlled for by normalizing to a common sample run on multiple gels. Quantified proteins from U0126-and CGP57380-infused groups were compared with the same vehicle control group.
Single-Unit Recording
Separate groups of cats (15 cats total) were used to determine the role of ERK and Mnk1 in sleep-dependent ODP consolidation. Immediately following six hours of intracortical infusion, cats were prepared for single unit recording (Jha et al. 2005) . Animals were anesthetized with isoflurane and Nembutal and the skull above V1 was removed. Animals were paralyzed with a continuous intravenous infusion of Flaxedil and ventilated. The dura above V1 was removed and a 16-electrode array (FHC, Inc., Bowdoin, ME, USA) was lowered into V1 at sites near to (within 1 mm) and far from the cannula. Contact lenses were used to focus the eyes on a monitor positioned 40 cm away. Extracellular single-unit recordings were obtained while presenting one eye at a time with a blank screen or full-field reversing, drifting square gratings at 8 stimulus orientations. Each presentation was repeated 4 times per recording block. Between recording blocks, the electrode array was advanced deeper into the brain in 100 μm steps or moved to a new location. Two to three penetrations were made at each recording site.
Units were sorted off-line using principal component analysis (Offline Sorter; Plexon, Inc., Dallas, TX, USA) and analyzed as previously described (Jha et al. 2005; Aton et al. 2009 ). For comparison, unit data from 4 cats with binocular vision and unmanipulated sleep (referred to as "normal" animals) were reproduced with permission from earlier studies (Aton et al. 2009; Seibt et al. 2012) . Briefly, each unit was assigned an ocular dominance (OD) category of 1-7 according to its left eye/right eye firing ratio. Visually unresponsive neurons (those that responded more strongly to blank screen than to gratings) were excluded from the analysis. OD scores were then used to calculate scalar measures of ODP (Issa et al. 1999) . The contralateral eye bias index (CBI) is a weighted average of OD scores from the population of neurons sampled, where higher values indicate a stronger bias toward the contralateral eye. This measure was calculated separately for near and far recording sites in each hemisphere and converted to the nondeprived eye bias index (NBI) (where higher values indicate a stronger bias for the non-deprived eye) for clarity (Aton et al. 2009 ). The shift index (SI), a measure of overall changes in OD across both hemispheres of an animal, was calculated as CBI ipsilateral to deprived eye − CBI contralateral to deprived eye . The monocularity index (MI) was also calculated, where a value of 0 indicates that all recorded neurons respond equally to both eyes and 1 indicates a complete loss of binocular responses. Scalar ODP measures from U0126-and CGP57380-infused groups were compared with values from the same vehicle control group.
In addition to analyzing unit recordings on a population level, firing properties of individual units were examined. These properties include normalized peak firing rate, normalized spontaneous firing rate, evoked response index (ERI), and orientation selectivity index (OSI). For each unit, the peak and spontaneous firing rates were normalized to the average firing rate of all neurons that were recorded at the same location, as described previously (Aton et al. 2009 ). The OSI, a measure of orientation tuning, was calculated as the unit's response strength at its preferred orientation versus the orthogonal (90°) orientation. The ERI, a measure of how selectively a neuron fires in response to visual stimulation versus spontaneous activity, was calculated as 1 −spontaneous firing rate /peak firing rate. Neuronal properties were averaged within each recording site (Aton et al. 2009; Seibt et al. 2012 ).
Sleep/Wake Analysis Vigilance states were manually scored as rapid eye movement (REM) sleep, non-REM (NREM) sleep, or wake in 8-s epochs by a trained experimenter (M.C.D.). States were scored based on frontoparietal EEG and EMG signals (SleepSign for Animal; Kissei Comtec America, Inc., Irvine, CA, USA) according to previously described criteria (Frank et al. 2001 ). Percentage of total recording time and average bout duration for each vigilance state was calculated for baseline, MD, and post-MD periods. The number of sleep-wake transitions and the total number of state transitions were also calculated for the post-MD period. Fast Fourier transforms were performed on post-MD frontoparietal and V1 EEG recordings and averaged in 2-h bins to quantify changes in EEG activity during the infusion. For each hemisphere, power was averaged within the delta (0.5-4 Hz), sigma (10-15 Hz), theta (5-8 Hz), and high-frequency (HF) (15-40 Hz) bands and normalized to mean baseline power (Jha et al. 2005) . Two vehicle-infused hemispheres were excluded from the power analysis because the EEG signals at the cannula sites were unusable.
Statistical Analysis
Statistical tests were performed using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA, USA). Groups were compared using 1-tailed Student's t-tests, 1-way ANOVAs, or 2-way ANOVAs, as indicated. The use of planned, 1-tailed t-tests (α = 0.05, 95% confidence level) was specified prior to analysis, as we were interested in whether the drugs specifically impaired ODP and its underlying biochemical changes (Zar 1999) . Nonparametric tests (Mann-Whitney U-tests, ANOVAs on ranks) were used in cases where data were not normally distributed.
Results

U0126 Inhibits ERK Phosphorylation
To confirm the efficacy of U0126, we measured ERK phosphorylation in V1 infused with U0126 or vehicle for 1 h of post-MD sleep, at a time when ERK phosphorylation is normally high (Aton et al. 2009) (Fig. 1A) . Western blot analysis revealed that near the cannula, U0126 significantly decreased ERK1 and ERK2 phosphorylation to 8.13 ± 2.53 and 5.71 ± 2.18% of vehicle levels, respectively (Fig. 1B,C) . Furthermore, within U0126-infused hemispheres, ERK1/2 phosphorylation was lower near to the cannula than far from the cannula (P = 0.009, Mann-Whitney U-test; data not shown). There was no difference between near and far sites in vehicle-infused hemispheres (P > 0.05, Mann-Whitney U-test; data not shown).
Similar to ERK, Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) phosphorylation is elevated in the sleeping visual cortex following MD (Aton et al. 2009 ). To verify that the effects of U0126 could not be explained by nonspecific inhibition of CaMKII, western blots for total and phosphorylated CaMKIIα in vehicle and U0126-infused V1 tissue were performed. U0126 did not alter CaMKIIα phosphorylation (Fig. 1B,C) , consistent with the previous observation that U0126 does not affect CaMKII phosphorylation in the hippocampus (Roberson et al. 1999) .
ERK Inhibition During Sleep Impairs ODP Consolidation
Inhibition of ERK in the sleeping, remodeling visual cortex abolished the normal effects of sleep on ODP. OD histograms revealed that the distribution of recorded cells was biased toward the nondeprived eye in vehicle-treated hemispheres and far from the cannula in U0126-infused hemispheres. In contrast, U0126 blocked this shift near the site of the infusion (Fig. 2B) .
The extent of the OD shift was quantified using the NBI and the SI (see Materials and Methods section) (Fig. 2C) . The NBI ranges from 0 (only responsive to the deprived eye) to 1 (only responsive to the nondeprived eye), while the SI ranges from −1 (only responsive to the deprived eye) to 1 (only responsive to the nondeprived eye). Both the NBI and SI were significantly lower in U0126-than vehicle-infused V1 when measured near the cannula. Furthermore, within U0126-infused hemispheres, the NBI was significantly lower near the cannula than far from the cannula. These results confirm that ERK activity in V1 during sleep is required for ODP consolidation.
We have previously shown that mTOR activity is required for the sleep-dependent consolidation of ODP, but not its induction during wakefulness (Seibt et al. 2012) . We therefore examined whether ERK was necessary for ODP induction during waking MD. We infused vehicle or U0126 into V1 during 6 h MD in awake animals, then obtained single-unit recordings near to the cannula and compared the resulting MI with normal animals (see Supplementary Fig. S2 ). We examined the MI in this case because it is a more sensitive measure of this early stage of ODP than the NBI (Aton et al. 2009 Phospho-ERK levels were decreased by U0126, while CaMKIIα phosphorylation was unaffected. *P = 0.002, Mann-Whitney U-test; n = 6 hemispheres/group. significant increase in the MI relative to cats with normal binocular vision. MD-only hemispheres infused with U0126 also had a significantly higher MI than normal controls, indicating that ERK activity specifically during wake is not necessary for ODP induction.
U0126 Infusion During Sleep Impairs eIF4E
Phosphorylation ERK can promote plasticity by phosphorylating many substrates, including those involved in transcriptional and translational control (reviewed in Adams and Sweatt 2002) . However, it is unknown which of these pathways are activated by ERK during sleep-dependent consolidation. Therefore, we used western blot analysis to measure proteins phosphorylated downstream of ERK activation (eIF4E; eukaryotic elongation factor 2, eEF2; cAMP response element binding protein, CREB) in U0126-and vehicle-infused V1. These proteins regulate mRNA translation initiation (eIF4E), translation elongation (eEF2), and transcription (CREB). We also measured levels of postsynaptic density protein 95 (PSD-95), a postsynaptic scaffolding protein whose expression increases AMPA receptor currents during experience-dependent plasticity in vivo (Ehrlich and Malinow 2004) . Sleep promotes the synthesis of PSD-95 in V1 (Seibt et al. 2012 ), but it is unknown whether this requires ERK activity.
U0126 significantly decreased eIF4E phosphorylation and levels of PSD-95 (Fig. 3) . In contrast, we did not find a significant effect of U0126 on eEF2 or CREB phosphorylation compared with vehicle. Together, these results suggest that ERK activity in the sleeping, remodeling cortex promotes the synthesis of proteins such as PSD-95, which may contribute to consolidation.
Mnk1 Inhibition During Sleep Mimics ERK Inhibition
Mnk1 is a direct target of ERK that phosphorylates eIF4E (Waskiewicz et al. 1997) . As U0126 infusion attenuated eIF4E phosphorylation, we investigated whether directly inhibiting Mnk1 activity could mimic the effects of U0126. To do this, we infused the Mnk1 inhibitor CGP57380 into V1 during post-MD sleep. We first collected V1 tissue after 1 h of post-MD sleep to confirm the efficacy and specificity of the drug. CGP57380 infusion significantly decreased eIF4E phosphorylation and PSD-95 levels near to the cannula site without affecting ERK phosphorylation (Fig. 4A,B) . CGP57380 did not affect phosphorylation of any other proteins examined (p-CaMKIIα, p-CREB, p-eEF2: P > 0.1, CGP57380 n = 4 hemispheres, vehicle n = 6; t-test; data not shown).
We then measured the effects of infusing CGP57380 during 6 h of post-MD sleep on ODP. Single-unit recordings revealed that CGP57380 attenuated sleep-dependent plasticity, mimicking the effects of U0126. As shown in Figure 4C , CGP57380 prevented the normal sleep-dependent shift in the OD histogram toward the nondeprived eye near the cannula site. CGP57380 also significantly reduced scalar measures of ODP (the NBI and SI) compared with vehicle and compared with sites far from the cannula (Fig. 4D) . These results confirm that Mnk1 activation is required during sleep for ODP consolidation.
Single-Unit Firing Properties Following Drug Infusion
We have previously shown that post-MD sleep enhances V1 neuronal responses to nondeprived eye stimulation (Aton et al. 2009; Seibt et al. 2012) . As ERK activity is required for LTP in rodent V1 (DiCristo et al. 2001) , we hypothesized that the ERK-Mnk1 pathway is also required for sleep-dependent enhancement of nondeprived eye responses. To test this, we compared the normalized peak firing rate in response to stimulation of each eye between normal control, vehicle-infused, U0126-infused, and CGP57380-infused hemispheres. As expected, relative to normal controls, responses to the nondeprived eye were significantly enhanced in vehicle-infused V1; however, U0126 and CGP57380 infusion prevented this enhancement (Fig. 5) . No differences across groups were observed in response to deprived eye stimulation. These results confirm that ERK and Mnk1 promote sleep-dependent ODP consolidation by enhancing nondeprived eye responses, rather than attenuating deprived eye responses.
The effects of U0126 and CGP57380 on plasticity could not be ascribed to nonspecific effects of these drugs on visual cortical neurons. As shown in Table 1 , there were no significant differences between groups on any measure of single unit firing characteristics ( percent of visually responsive units, ERI, OSI, and normalized spontaneous firing rate).
Sleep Architecture is Unaffected by Drug Infusion U0126 and CGP57380 also had no significant effects on global sleep architecture. Two-way ANOVAs revealed no significant main effect of drug (P ≥ 0.320) or drug × time interaction (P ≥ 0.423) for the state amount, state duration, or number of state transitions during post-MD sleep (main effects: drug treatment, post-MD time; vehicle N = 4 animals, U0126 N = 4, CGP57380 N = 3) (Fig. 6) . We observed significant main effects of time over the course of the post-MD period: NREM amount (P < 0.001) and bout duration (P < 0.001) decreased, REM amount (P = 0.02) increased, wake amount (P < 0.001) and bout duration (P = 0.013) increased, sleep-to-wake transition number increased (P = 0.002), and total number of transitions between arousal states increased (P = 0.004). Two-way ANOVAs also showed no main effect of drug (P ≥ 0.205) or drug × time interaction (P ≥ 0.292) for frontoparietal EEG power in delta, theta, sigma, and HF bands in these animals . ERK and Mnk1 inhibition prevent enhancement of neuronal responses to nondeprived eye stimulation. Average (±SD) normalized peak firing rates in response to left-and right-eye visual stimulation are shown. Left (nondeprived) eye responses were enhanced in vehicle-treated V1 compared with normal animals that did not undergo manipulations of vision or sleep. This increase was blocked near to the site of U0126 and CGP57380 infusion. *P < 0.05, ANOVA on ranks followed by Dunn's post hoc test. Normal n = 8 hemispheres; vehicle n = 7; U0126 n = 7; CGP57380 n = 6. (Fig. 7) . We observed significant main effects of post-MD time on frontoparietal EEG power: NREM power in the theta (P < 0.001), sigma (P = 0.024), and HF bands (P = 0.019) decreased, REM theta power decreased (P = 0.012), and REM HF power increased (P = 0.011). However, these changes to sleep architecture and EEG power occurred in all treatment groups and reflect changes similar to those previously observed during post-MD sleep (Frank et al. 2001; Jha et al. 2005; Seibt et al. 2008 ). There were also no significant differences between groups in EEG activity at the infusion sites. Two-way ANOVAs (Vehicle n = 5; U0126 n = 7; CGP57380 n = 6 hemispheres) revealed no effect of drug (P ≥ 0.098), time (P ≥ 0.630), or drug × time interaction (P ≥ 0.334) on delta, theta, sigma, or HF power within V1 (Fig. 7A,B) .
Discussion
We show that activation of the ERK-Mnk1 pathway during sleep is necessary for ODP consolidation. More specifically, inhibition of ERK or Mnk1 during sleep in the visual cortex abolishes the normal potentiation in non-deprived visual pathways observed after sleep. The effects of ERK inhibition during sleep cannot be explained by indirect effects of drug infusion, since sleep architecture and neuronal firing properties in V1 were unaffected. This loss of plasticity is accompanied by reductions in phosphorylated eIF4E and levels of PSD-95. Phosphorylation of eIF4E correlates with increased 5′-cap-dependent mRNA Firing properties of V1 neurons were unaffected by U0126 and CGP57380. Average (±SD) firing properties of units recorded near to the site of drug infusion are shown. No significant differences were observed across drug treatments for any property. ERI, OSI, spontaneous firing rate: 1-way ANOVA P > 0.25; % visually responsive neurons: ANOVA on ranks P > 0.6; vehicle n = 7 hemispheres, U0126 n = 7, CGP57380 n = 6. translation rates. Although the underlying mechanism is unclear, phosphorylation of eIF4E promotes its dissociation from the 5′-cap, which may speed translation by facilitating polysome formation or increasing the pool of available capbinding factors (Scheper and Proud 2002) . In addition to regulating translation via eIF4E phosphorylation, ERK-Mnk signaling is required for translation initiation complex formation during plasticity in vivo (Panja et al. 2009 ). PSD-95 is a synaptic protein whose expression controls the localization of AMPA receptors to the postsynaptic membrane during plasticity in vivo (Ehrlich and Malinow 2004) . Therefore, the current study suggests that the ERK-Mnk1 pathway is activated in the sleeping, remodeling cortex and promotes consolidation by upregulating the synthesis of plasticity-related proteins such as PSD-95.
Mechanisms of ERK-Dependent Consolidation ERK regulates multiple pathways that can ultimately lead to the stabilization of plasticity, including transcription and translation (reviewed in Adams and Sweatt 2002) . In hippocampal LTP, translation is controlled by concomitant activation of the ERK and mTOR pathways via eIF4E and 4E-BP1 phosphorylation (Kelleher et al. 2004; Gelinas et al. 2007; Tsokas et al. 2007; Connor et al. 2011) . Seibt et al. (2012) showed that protein synthesis via mTOR is required during sleep for ODP consolidation; however, the role of ERK in sleep-dependent translation was not explored. Although we did not directly measure initiation complex formation or translation, our finding that U0126 and CGP57380 inhibit eIF4E phosphorylation and decrease PSD-95 levels is consistent with a dual role for ERK and mTOR in the synthesis of plasticity-related proteins during sleep-dependent consolidation. Translation initiation, combined with decreased elongation via eEF2 phosphorylation, can promote the synthesis of a specific pool of proteins including CaMKIIα and Arc (Scheetz et al. 2000; Belelovsky et al. 2005; Park et al. 2008) . Phosphorylation of eEF2 is elevated in V1 during post-MD sleep but is not blocked by mTOR inhibition (Seibt et al. 2012) . Here, we found that eEF2 phosphorylation is also unaffected by U0126, suggesting that ERK and mTOR promote a general increase in translation during sleep, while an additional factor restricts the pool of translated mRNAs by increasing eEF2 phosphorylation. One candidate for this factor is PKA, which is required for sleep-dependent ODP consolidation (Aton et al. 2009 ) and can promote eEF2 phosphorylation (Redpath and Proud 1993; Diggle et al. 2001) .
In addition to regulating translation, ERK can also translocate to the nucleus and activate downstream transcription factors such as CREB (reviewed in Adams and Sweatt, 2002) . Phospho-ERK nuclear translocation occurs in rat V1 after 24 h of MD, implicating ERK as a regulator of transcription during ODP (Takamura et al. 2007 ). However, we found that CREB phosphorylation is not blocked by U0126 during the first hour of post-MD sleep, suggesting that ERK does not exert transcriptional control during sleep. This finding agrees with previous observations that the time course of the effects of U0126 on LTP in V1 is consistent with a role for ERK in translation rather than transcription (DiCristo et al. 2001 ). This result is also consistent with our previous findings that transcription of the genes c-fos, arc, and bdnf in V1 is reduced during sleep (Seibt et al. 2012 ). Therefore, while it is possible that ERK may lead to CREB phosphorylation on a longer timescale (between 1 and 6 h of sleep), or that ERK may activate other transcription factors (such as Elk-1), our results suggest that ERK does not promote transcription during sleep.
ERK and Synaptic Potentiation ODP occurs through decreased V1 responsiveness to deprived eye inputs, which is initiated during waking and maintained during sleep, as well as enhanced responsiveness to nondeprived eye inputs, which occurs during post-MD sleep (Aton et al. 2009; Seibt et al. 2012 ). ERK activation is required for LTP in V1 (DiCristo et al. 2001) , but is also necessary for various forms of LTD, including NMDA receptor-and metabotropic glutamate receptor-dependent hippocampal LTD (Thiels et al. 2002; Gallagher et al. 2004) , cerebellar LTD (Kawasaki et al. 1999; Endo and Launey 2003) , and muscarinic acetylcholine receptor-dependent visual cortical LTD (McCoy and McMahon 2007; McCoy et al. 2008) . Therefore, we considered the possibility that the ERK-Mnk1 pathway may promote ODP either by enhancing nondeprived eye responses or depressing deprived eye responses during sleep. Analysis of neuronal firing properties revealed that U0126 and CGP57380 selectively inhibited the strengthening of nondeprived eye responses in V1. Therefore, we conclude that ERK and Mnk1 activation during sleep promote ODP by potentiating synaptic responses in favor of the nondeprived eye.
Potential Mechanisms of ERK Activation
Although we have demonstrated a requirement for ERK in sleepdependent plasticity, the cellular events that initiate ERK phosphorylation during sleep remain unclear. ERK can be activated by numerous mechanisms, including neuronal activity and activation of neuromodulatory inputs (reviewed in Adams and Sweatt, 2002) . Aton et al. (2009) demonstrated that ERK activation during post-MD sleep requires NMDA receptor activity. Therefore, our results support a model in which cortical activity patterns unique to sleep activate NMDA receptors, thereby promoting ERK activation. However, cortical activity patterns and neuromodulatory tone vary greatly across sleep states, raising the question of whether ERK activation may occur preferentially during NREM or REM sleep. One possibility is that the combination of neuronal activity and high cholinergic tone during REM sleep could activate ERK via NMDA and muscarinic acetylcholine receptors. In support of this hypothesis, REM sleep deprivation has been shown to decrease ERK phosphorylation in the rat dorsal hippocampus (Ravassard et al. 2009 ), and spontaneous REM sleep elevates hippocampal ERK phosphorylation (Luo et al. 2013) . Furthermore, Lopez et al. (2008) observed a trend for decreased hippocampal PSD-95 in young rats that had been deprived of REM sleep. However, it remains to be seen whether these effects of REM sleep deprivation hold true in the cortex, and whether REM sleep deprivation impairs ODP consolidation. Ultimately, more detailed investigations of kinase function during wake, REM sleep, and NREM sleep in the remodeling cortex are required to fully elucidate the mechanisms underlying cortical consolidation.
Conclusions
Although a number of mechanisms underlying neuronal plasticity in vitro are known, it is unclear how many of these mechanisms function in vivo. The present study furthers our understanding of how the ERK-Mnk1 pathway functions in the intact brain, and reveals a novel mechanism underlying sleepdependent cortical consolidation.
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